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Abstract 
It is well recognized that calcium carbonates (CaCO3) is one of the main components of scale that is commonly encountered in 
chemical and related industries. The calcium carbonate scale often grows extensively on equipment and parts, causing major 
operational difficulties. This paper presents experiments on calcium carbonate scale formation and control in a piping system 
where the scale-forming solution flowed in a laminar manner: 30, 40, and 50 mL/min, respectively. Other parameters evaluated 
were: solution temperature (25, 30 and 40oC), and concentrations of malic acid (C4H6O5) added as impurities (3.00 and 5.00 
ppm). The scale-forming solution was made by mixing equimolar solutions of CaCl2 and Na2CO3, respectively. The scale 
formation process was monitored by measuring the conductivity of the solution coming out of the piping system. It was found 
that in all experiments, conductivity decreased abruptly after a certain induction period, during which time the conductivity 
remained steady. The induction period varied from 17 min to 34 min, which means that the scale starts forming 17 min to 34 min 
after the mixing of the solution. Higher flow rates resulted in more calcium carbonate scale mass, which indicate that the fluid 
flow enhances the scale formation. Similarly, increasing the temperature of the solution (25, 30, and 40oC) resulted in the 
increase of the scale mass. Overall, higher malic acid concentrations resulted in longer induction time and less scale mass. 
Depending on the temperature and the malic acid concentration tested, the reduction in scale mass could be  200%. This drastic 
reduction in scale mass suggests that malic acid could be an effective anti-scalant for calcium carbonate scale. SEM imaging and 
its associated EDS analysis confirmed that the scale formed corresponds to that of calcite (CaCO3). The X-ray diffraction 
analysis of the scale showed that the scale consisted of crystalline matter which corresponds to the powder diffraction data for 
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calcium carbonate. The addition of malic acid in trace amounts (0.00 to 5.00 ppm) was able to alter the morphology of the scale 
crystals, indicating the preference adsorption of malic acid on specific crystal surface.  
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Organizing Committee of ICCE UNPAR 2013. 
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1. Introduction 
Calcium carbonate (CaCO3) crystals are used extensively as low-cost fillers or brightening agents in a variety of 
industries such as paper, paint, cosmetics, rubber and pigment1. This diverse application demands specific 
characteristics of the crystals such as morphology, phase, size and size distribution2. For example, in the pulp and 
paper manufacturing, calcium carbonate is generally utilised as an inexpensive filler to enhance opacity, brightness, 
smoothness and printability3. The desirable properties of CaCO3 used are related to its morphology and aggregation 
capabilities.  
On the other hand, calcium carbonate is undesirable in various industries since it is one of the main components 
of scale4,5. To effecttively prevent scale deposits, a number of factors should be considered, such as flow rate of 
solutions6,7, temperature8, and use of antiscaling agents9,10. The use of antiscalants is widely practised to prevent and 
remediate scale formation due to the ability of such antiscalants in trace amounts to disrupt nucleation and growth of 
crystals which could otherwise agglomerate and form scale4,11.  
Calcium carbonate crystallises in three different polymorph, namely calcite, aragonite and vaterite6,12. Calcite is 
known to be the stable form of calcium carbonate crystals13. In contrast, aragonite and vaterite are 
thermodynamically unstable and given appropriate conditions they could eventually transform into calcite. It has 
been confirmed that the presence of antiscalants may slow down the transformation of calcium carbonate into the 
more stable calcite10,14. In regard to calcium carbonate scaling phenomenon, it is important to determine the phase 
transformation of CaCO3 crystals, since either vaterite, aragonite, or calcite has different morphology with its 
associated characteristics (e.g. hardness, density etc.), which could affect the tendency of the crystals to agglomerate 
and form scale.  
In the present work, the effect of flow rates of solution, temperature and malic acid as additives on CaCO3 scaling 
was investigated. The experiment was carried out in a flowing system using a rig developed in-house as discussed in 
previous literature7.  
2. Materials and Methods 
2.1. Chemical and CaCO3 synthesis 
The experiment was done using a flowing system rig built in-house as shown schematically in Fig.1. The rig 
consisted of three main parts: a. two stainless steel vessels (1 and 2) containing the calcium carbonate solutions; b. 
two pumps (3 and 4), and c. a test pipe unit (5) wherein the scale grows. The test pipe unit was a piece of pipe, 
inside which four pairs of semi annular coupons made of stainless steel were inserted.  
Calcium carbonate solutions for the experiment were prepared from equimolar amount of stock solutions of 1.0 
M calcium chloride and 1.0 M sodium carbonate, respectively. The calcium chloride stock solution was prepared by 
dissolving analytical grade CaCl2.2H2O crystals (Merck™) in doubly-distilled water at room temperature followed 
by filtration using 0.22 µm filter paper (Millipore™). The sodium carbonate stock solution was made in the same 
manner. The two stock solutions were stored in separate containers and extreme care was taken to keep the solutions 
free from dust, insoluble matter and so on. For the experimental runs with ppm amount of malic acid as additives 
(0.00 to 5.00 ppm), trace amounts of analytical grade malic acid (C4H6O5) crystals (Merck™) was dissolved in the 
Na2CO3 solution. It was assumed that the dilution of the malic acid did not significantly change the properties of the 
Na2CO3 solution because the crystals of the malic acid used was less than one gram for each dilution, while the total 
volume of the scale-forming solution was 16 litres (as explained in the next paragraph).  
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Eight litres each of equimolar CaCl2 and Na2CO3 solutions at a pre-determined concentration of 3,500 ppm of 
Ca2+ were separately placed in the two bottom vessels (1 & 2), and equilibrated until the designated temperature was 
reached. Then the two pumps (3 & 4) were simultaneously started to transfer these solutions into the test pipe 
section to react and form scale. The conductivity of the liquor exiting the test pipe section was continuously checked 
for up to four hours, i.e. until the end of the experimental run. Flow rates, malic acid concentrations, and 
temperature were varied to determine their effects. At the end of the experiment, the test pipe was disconnected and 
left hanging in place until no more dripping were seen. Next, the coupons were removed from the test section and 
placed in an oven overnight at 60oC. The following day the coupons were taken out of the oven, left to cool and 
weighed. The change in the weight of the coupons before and after the experiment was the weight of the scale mass. 
The scale deposited on the surface of the coupons was carefully removed and stored in vials for characterisation.  
Fig. 1. Schematic picture of the rig used for calcium carbonate scale experiment. 
2.2. Characterisation 
All samples were Au-coated prior to examination by scanning electron microscopy (SEM) (FEI Inspect S50) with 
energy dispersive spectroscopy (EDS) system fitted with a field emission source and operating at an accelerating 
voltage at 15 kV. X-ray diffraction for phase identification was performed using Cu-Kα monochromated radiation 
in a conventional Bragg-Brentano (BB) parafocusing geometry. The scan parameters (10 – 90o 2θ, 0.020 steps, 15 
s/step) were selected as required for observation. Data were recorded digitally, and peak positions and intensities 
were identified either using the peak finder feature or on screen in the software. A PC-based search match program, 
the Philips X’Pert Software (Philips Electronics N.V) was used to detect possible crystalline phases in the samples. 
In this approach, peak positions are located automatically using minima in the second derivative of the diffraction 
traces. The peak positions and peak heights are checked against the entries in the ICDD (International Centre for 
Diffraction Data) Powder Diffraction File (PDF).  
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3. Results and Discussion  
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per hour, the weight of the scale mass deposited was divided by four, assuming that the rate of scale deposition was 
constant for the duration of the scale formation test. It is reasonable to assume that the scale formation is invariable 
since the flow rates of the scaling solution were kept constant during the experiment. In addition, the solution 
concentration was also maintained steady at 3,500 ppm Ca2+ throughout the experiment by constant stirring. Table 1 
presents the results of the scale formed per hour for the three different flow rates, both in the presence and in the 
absence of malic acid. As can be seen, higher flow rates produce more scale mass both in the absence and in the 
presence of malic acid. The experiment has been conducted with fluid flow velocity in the laminar region (Reynolds 
number, NRe ± 200). Hence, it is most likely that the fluid velocity was not sufficient to generate substantial shear 
forces to detach the scale from the pipe wall. As a result, the scale continued to accumulate. Higher flow rates bring 
more scale-forming ions which result in more scale mass. However, the increase in scale mass is reduced when 
malic acid is present. For each flow rate, the scale mass decreased as more malic acid was added (Table 1). This 
result concurs with the previous findings on the length of the induction time (see 3.1. Induction time). With higher 
malic acid concentrations, more crystal nuclei were prevented from reaching critical size resulting in less mass of 
crystals and subsequently less amount of scale produced.  
Table 1. Growth rate of calcium carbonate scale under the influence of malic acid (at 3,500 ppm Ca2+ and 25oC) 
Malic acid 
concentrations, 
(ppm) 
Average growth rate of calcium carbonate scale, gr/hr 
30 mL/min 40 mL/min 50 mL/min 
0.0 0.0384 0.0413 0.0463 
3.0 0.0223 0.0324 0.0403 
5.0 0.0156 0.0188 0.0316 
3.3. Temperature  
It is well-known that calcium carbonate phase transformation is significantly affected by temperature. Rodriguez-
Blanco et al16 found that at temperatures < 30oC, pure amorphous calcium carbonate (ACC) will transform into 
calcite via vaterite; while at temperatures  40oC, the pure ACC will change into aragonite via vaterite. It is 
reasonable to assume that different crystalline phases would have different hardness, density etc. which could 
subsequently affect the weight of a specific phase.  
In the current work, depending on the temperature and the malic acid concentrations tested, the reduction in scale 
mass could be  200%. For example, for the experimental run at 40oC without malic acid, the scale mass obtained 
was 3.8470 gram; while that at 25oC and with the addition of 5.00 ppm of malic acid, the scale mass produced was 
only 1.5157 gram (Table 2). This drastic reduction in scale mass for lower temperature and higher malic acid 
concentrations suggests that malic acid could be an effective anti-scalant for calcium carbonate scale. As for the 
elevated temperature of 40oC, it could be argued through the classical Arrhenius equation that higher temperatures 
would bring more energy to the molecules or ions and result in a faster reaction rate.  
                              Table 2.Growth of calcium carbonate scale under the influence of temperature (4 hour scaling time at 3,500 ppm Ca2+) 
Temperature, 
(oC) 
Mass of calcium carbonate scale, gr 
0.00 ppm malic acid 3.00 ppm malic acid 5.00 ppm malic acid 
25 3.029 2.6922 1.5157 
30 3.8167 3.1048 1.9086 
40 3.8470 3.3291 3.0442 
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3.4. Characterisation of the scale 
The morphology of the calcium carbonate crystals obtained was checked using SEM (FEI inspect S50) and the 
SEM photographs are shown in Fig.3.  
Fig.3.Morphology of calcium carbonate scale without malic acid (left), and with 5.00 ppm malic acid (right). 
In the absence of malic acid (Fig.3-left), the components of the scale after four hours of scaling time, are 
predominantly intergrowth of vaterite (irregular spheres) with a few calcite (rhombohedral). For subsequent 
experimental runs with 5.00 ppm of malic acid (Fig.3-right), rosette-shaped aragonite crystals are dominant while 
the number of calcite seems to be constant. Malic acid has likely promoted a phase transformation from vaterite to 
aggregates of aragonite. Thus, it can be concluded that malic acid may be potentially effective to control the 
morphology of calcium carbonate crystals.  
The elemental composition of the calcium carbonate crystals was determined using EDS analysis (graphical 
representation not shown). The typical difference in weight percent between the theoretical and the actual values 
were: 2.0 to 3.0%; 1.0 to 2.0 %; and 6.0 to 7.0 % for Ca, C, and O, respectively. Such differences could be the 
results of different crystal structures of CaCO3 as substantiated by the SEM micrographs (Fig.3). Vaterite has the 
same chemical composition as calcite (rhombohedral) and aragonite (orthorhombic), but with different crystal 
structure in terms of symmetry, orientation of CO3 ions, and coordination environment of Ca ions17. 
X-ray diffractograms of the scale samples with and without malic acid are given in Fig 4. The XRD signals of 
Fig. 4 provide direct experimental evidence of the calcium carbonate and their crystalline polymorph formed in the 
scale products. It can be seen that calcite and vaterite previously detected (strongest peaks at 29.416 O 2θ, PDF#81-
2027 and 32.810 O 2θ, PDF#74-1867, respectively) in the sample without malic acid (left) are obviously transformed 
by the malic acid addition as shown in the figure (Fig.4-right). The transformation of the crystalline phase concurs 
well with the previous SEM micrographs shown in Fig.3. Vaterite is thermodynamically stable with respect to ACC, 
but metastable with respect to the other two crystalline polymorphs: aragonite, and calcite. As a consequence, the 
experimental synthesis with malic acid (Fig.4-right) yielded a mixture of calcite and aragonite (JCPDS – PDF#76-
0606). Mixing of calcium chloride and sodium carbonate salt solutions at ambient conditions results firstly in the 
deposition of an ACC phase in the coupons that, within minutes, transforms into vaterite. Such fast alteration is 
similar to the findings of Rodriguez-Blanco et al16 on the kinetics and mechanisms of amorphous calcium carbonate 
crystallization to calcite through vaterite phase. Further, vaterite transforms into calcite (the most thermodynamically 
stable polymorph) within a few hours, when it stays in contact with its solution6, 18. Overall, the XRD analysis of the 
crystalline matter of the scale obtained corresponds to the powder diffraction data for calcium carbonate.  
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Fig. 4 X-ray diffractograms of samples obtained from the scale synthesis in the absence (left) and in the presence of malic acid (right). The peaks 
are labelled A (aragonite); C (calcite), and V (vaterite), respectively. 
4. Conclusion 
Experiments on calcium carbonate (CaCO3) scale formation and control in a piping system with the scale-
forming solution flowed in a laminar manner from 30 ml/min to 50 ml/min were conducted.  
Within the flow rates tested, the weight of the CaCO3 scale mass deposited, is correlated positively with the 
increase of the flow rates. It was proposed that the flow velocity in the laminar region was not adequate to generate 
shear forces to enable detachment of the scale deposited. Hence, the higher the flow rates the more the scale-forming 
components were available to develop into scale.  
The growth of the scale was found to increase as temperature was raised from 25oC to 40oC; but it was retarded 
in the presence of malic acid added in ppm amounts as additives. It was postulated that the retardation was due to 
adsorption of malic acid on crystal nuclei, thereby preventing the nuclei to reach critical size. As a result, the nuclei 
failed to develop into crystals.  
Malic acid was found to promote transformation of the crystalline polymorph of the CaCO3 scale. In the absence 
of malic acid, the scale obtained consisted of a mixture of vaterite and calcite phases. With the addition of malic 
acid, the vaterite phase was observed to transform into rosette-shaped aragonite.  
Overall, the results of the experiment indicated that malic acid could be an effective antiscalant for calcium 
carbonate scaling in various industrial applications.  
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